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ABSTRACT
We study the effect of dynamical friction on globular clusters and on the stars evap-
orated from the globular clusters (stellar streams) moving in a galactic halo. Due to
dynamical friction, the position of a globular cluster (GC) as a stream progenitor
starts to shift with respect to its original position in the reference frame of initial GC
orbit. Therefore the stars that have evaporated at different times have different mean
position with respect to the GC position. This shifting results in a certain asymmetry
in stellar density distribution between the leading and trailing arms of the stream. The
degree of the asymmetry depends on the characteristics of the environment in which
the GC and the stream stars move. As GCs are located mainly in outer parts of a
galaxy, this makes dynamical friction a unique probe to constrain the underlying dark
matter spatial density and velocity distributions. For a GC NGC 3201 we compared
our theoretical shift estimates with available observations. Due to large uncertainties
in current observation data, we can only conclude that the derived estimates have the
same order of magnitude.
Key words: Galaxy: kinematics and dynamics – globular clusters: general – cosmol-
ogy: dark matter
1 INTRODUCTION
Stellar streams that form from the evaporating globular clus-
ters allow to constrain the mass distribution models of the
Milky Way (MW) galaxy. For example, by using the general
shape of the stream orbits Bovy et al. (2016) has determined
the flatness of the mass distribution of the inner 20 kpc of the
MW. Since the stars that evaporate from globular clusters
have no preferred direction (in cluster’s frame of reference),
initially the streams formed at Lagrangian points L1 and L2
should be symmetrical.
The stellar linear density along a stream is not uniform,
because epicyclic motion of evaporated stars define fluctua-
tions in density, but these fluctuations can be estimated (see
e.g. Capuzzo Dolcetta et al. 2005; Ku¨pper et al. 2008, 2012).
In addition, density gaps may occur, as streams may inter-
act with massive molecular clouds when passing through the
galactic disc (Dehnen et al. 2004; Amorisco et al. 2016).
An especially interesting topic is the possible interaction
of streams with the dark matter (DM) subhaloes and the
study of resulting gaps in density distribution of the streams
and corresponding perturbations in velocities of stream stars
? E-mail: rain.kipper@ut.ee
(Ibata et al. 2002; Carlberg 2012; Erkal & Belokurov 2015;
Erkal et al. 2016b, 2017; Bovy et al. 2017).
According to the ΛCDM model, at present epoch, the
DM subhaloes provide up to ∼ 10% of the overall DM halo
mass for a MW size galaxy with a specific (approximate
power-law) mass spectrum (Diemand et al. 2008; Springel
et al. 2008). Power spectrum of density distribution fluctua-
tions may make it possible to constrain the mass distribution
of DM subhaloes (Bovy et al. 2017), which in turn may con-
strain possible warm DM particle masses (Viel et al. 2013;
Pullen et al. 2014; Richings et al. 2018) or charged DM par-
ticle masses (Kamada et al. 2013).
The asymmetry of the mass distribution of the MW
(a rotating bar) and corresponding non-stationarity creates
short streams (Hattori et al. 2016; Price-Whelan et al. 2016)
and an asymmetry between the two branches of the stream
(Pearson et al. 2017). Simulating Palomar 5 stream asymme-
try Pearson et al. (2017) found that for a certain bar pattern
speed the observed asymmetry can be produced.
In this work we study how the dynamical friction due
to stellar and DM halo environment creates asymmetry in
stellar streams. Dynamical friction effect (deceleration) is
proportional to the mass of the body and to the density of
the environment. Thus deceleration is different for the GCs
and for the stars in corresponding stellar streams. Position
© 2019 The Authors
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of a progenitor GC in a stream changes with respect to its
initial position. This in turn creates a certain asymmetry
in the stellar density distribution between the leading and
trailing parts of the stream. The deceleration of the GC can
be calculated by measuring this asymmetry.
When the deceleration is known it is possible to calcu-
late the density of the environment. If the environment con-
sists of different ingredients (gas particles, stars, diffuse DM
particles, DM subhaloes), and if the gas and stellar densities
are known from independent measurements, it is possible to
estimate the DM density and potentially discriminate the
smooth DM component from the more dense DM subhaloes.
Outline of the paper is as follows. In Sect. 2 we discuss
the formation of a stellar stream and present a model to
calculate the shift of a GC with respect to its original po-
sition within previously evaporated stars due to dynamical
friction. In Sect. 3 we give the details of the MW model used
in subsequent calculations. Sect. 4 presents our main results.
Results are given for a large sample of GCs and thereafter
we compare them with available stream data. Sect. 5 is left
for discussion and conclusions.
2 STELLAR STREAMS OF GLOBULAR
CLUSTERS
2.1 Formation of a stream
In an axisymmetric galaxy, all the test particles (stars, GCs
etc.) move in orbits that conserve integrals of motion, such
as the energy and the z-directional angular momentum Lz .
Interactions between the galactic objects can change their
integrals of motion, which also changes their orbits (see e.g.
Sellwood (2013)).
In case of the dynamical evolution of a GC interac-
tions between the stars within the GC cause their evap-
oration from the GC and subsequent formation of stel-
lar streams (Fall & Rees 1977; Gnedin & Ostriker 1997;
Odenkirchen et al. 2001). At the moment stars evaporate
from the GC (primarily through the Lagrangian points L1
and L2, see Ku¨pper et al. (2008, 2012) and Bowden et al.
(2015)) they have a shift in positions and velocities with
respect to the centre-of-mass values of the GC. Thus, the
integrals of motion for the GC and corresponding evapo-
rated stars are slightly different, causing GC and its stream
stars to move along slightly different orbits (Eyre & Binney
2011; Bovy 2014; Carlberg 2017). Small differences in veloc-
ities between individual stream stars at Lagrangian points
result in slightly different orbits for them, hence, the stream
has also some thickness.
The evaporation through two Lagrangian points results
in two stream arms – the leading and the trailing arm. As
GCs can be assumed to be symmetrical, with their dimen-
sions very small in comparison to the parent galaxy, the
gravitational potential of the galaxy close to the GC can be
approximated with a linear function. In this case, both La-
grangian points are at the same distance from the centre of
the GC and intrinsically the stellar stream is symmetric –
leading and trailing arms have statistically the same distri-
bution of stars with respect to the GC centre. Erkal et al.
(2016a) showed that precession and nutation that cause non-
uniformity of the stream come forth for longer streams.
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Figure 1. An illustration about the shift of GC position due to
dynamical friction along a stream with respect to its initial posi-
tion as a function of time. In the left hand panel the black solid
line depicts GC position shift, thin red lines denote individual
evaporated stars. It is seen that at every moment the projected
positions of stream stars are not symmetrical with respect to the
GC position. Asymmetry increases in time. In the right hand
panel the resulting number density distribution of evaporated
stars along the stream at t = 8 Gyr is given. Density distribu-
tion asymmetry with respect to the GC position at t = 8 Gyr is
clearly visible.
In a non-stationary galaxy stream arms are not sym-
metrical. Non-stationarity may be caused by large-scale in-
teractions or by a rotating bar (e.g. Pearson et al. (2017)).
However, small non-stationarities may also be caused by,
e.g., dynamical friction effects, leading to slight incremental
changes in GC orbits over time.
In this paper we analyze the asymmetry of stellar
streams caused by small changes of GC orbit (or corre-
sponding integrals of motion) between different evaporation
events. Changes in a GC orbit are primarily caused by the
dynamical friction in a host galaxy.
In case of a stationary galaxy and a symmetric stream,
the position of the progenitor GC and the overall centre of
the symmetry of stream stars are the same and remain the
same in time. However, if the GC orbit changes between
ejections of stars compared to the initial orbit, subsequent
stream stars will be ejected symmetrically with respect to
the new orbital position of the progenitor GC. As a result,
the mean position of all stream stars does not coincide now
with the GC. The shift between the centre of the GC and
the centre of stream stars changes in time. Evolution of the
shift for a simple model including the dynamical friction
effect (a constant deceleration) is illustrated in Fig. 1. De-
celeration value for this illustration was not calculated from
friction model but was taken simply to be 0.03 km/s/Gyr.
Velocities of evaporated stars were taken from a Gaussian
distribution with the same mean value and dispersion as the
GCs orbital velocity and a typical GC velocity dispersion.
Since dynamical friction affects only GC orbit and keeps the
orbits of the evaporated stars intact1, time-evolving shift
1 The dynamical friction on stream stars is completely negligible,
4 − 5 orders of magnitude smaller.
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between the mean position of evaporated stars and GC lo-
cation appears (left-hand panel in Fig. 1). As a result, the
averaged number densities of stream stars are not symmet-
rical between the two arms of the stream (right-hand pane
in Fig. 1).
Dynamical friction has small effect on a GC orbit. For
this reason, we characterize the changes of a GC orbit and
positions of objects along the orbit simply as shifts projected
to the initial GC orbit – shifts along the orbit. These shifts
along and with respect to the initial GC orbit are denoted
as ∆x.
2.2 Dynamical friction
Dynamical friction is a drag force on a massive object mov-
ing through the field of lighter objects and collecting a tem-
porary mass wake behind it (Chandrasekhar 1943). The
wake applies force to the massive object and decelerates it.
A general formula for the force per unit mass caused
by the dynamical friction is given as (see e.g. Binney &
Tremaine 2008)
F = −4piG2M lnΛρ(x)
∭
f (x, v′) v
′ − vGC
|v′ − vGC |3
dv′, (1)
where vGC and M are the velocity and the mass of the mas-
sive object (e.g. GC), respectively, ρ is the spatial density of
field objects and f is their phase space density normalized to
one, lnΛ is the Coulomb logarithm and G is the gravitational
constant. The matter contributing to the dynamical friction
consists mainly of stars and the DM halo particles. In case of
the isotropic velocity distribution of field objects, this equa-
tion simplifies considerably, and is called Chandrasekhar’s
formula (see Chandrasekhar 1943).
From Eq. (1) we see that the effect of dynamical friction
is stronger for more massive GC and for the ones that move
with similar velocities as the field objects (denominator un-
der the integral in Eq. (1) is small).
2.3 Combined measurable quantities
The orbital segments of stream stars and of the parent GC
are approximately parallel to each other. For simplicity, we
measure distances only along the GC orbit and positions of
stars along the stream orbit are projected to the GC orbit.
Let ∆x be a shift of a GC and evaporated stars with respect
to the initial GC position projected to the initial GC orbit.
Hence, the shift ∆x results mainly from velocity differences
between different orbits and in calculations we approximate
the shift ∆x based on velocities along the GC initial orbit.
Thus, the shift ∆x at time t can be calculated as
∆x(t) =
t∫
tinitial
∆v(t ′)dt ′, (2)
∆v(t) =
t∫
tinitial
a(t ′)dt ′, (3)
where ∆v(t) is the velocity difference at time t and a is the ac-
celeration. Quantities ∆x, ∆v, and a are measured along the
orbit of GC and can be calculated from the total force per
unit mass F. The forces were calculated based on orbit after
its integration, hence the friction was not included in orbit
integration. This is justified since the first-hand estimation
of dynamical friction does not change the orbit noticeably.
To estimate the acceleration a from F we have to take
into account the response of velocity to the torque via
changes of angular momentum Lz . The origin of the torque
is the dynamical friction. This can be approximated by the
so-called ‘donkey effect’ (see Binney & Tremaine 2008)
aϕ,θ =
A
B
Fϕ,θ, (4)
ar = Fr, (5)
where ϕ, θ, r are spherical coordinates and r measures the
distance from the centre of host galaxy. In the last equa-
tion we have assumed the usual Oort constants and circular
velocity (vc) denotations
A(R) = 1
2
(
vc
R
− dvc
dR
)
, (6)
B(R) = −1
2
(
vc
R
+
dvc
dR
)
, (7)
vc =
√
R
dΦ
dr
. (8)
Here R is the distance from the centre of a galaxy in the
Galactic plane and Φ denotes gravitational potential. In
case of flat rotation curve A/B reduces to −1, in case of
adopted Galactic potential (see Sect. 3), A/B varies between
−0.2. . .−1.5.
The acceleration a used in Eq. (2) is the projection of
a to the GC orbit at a given point.
3 DESCRIPTION OF THE MILKY WAY
MODEL
To calculate the asymmetry in a stellar stream density dis-
tribution, described in the previous section, we need to know
the mass density distribution ρ and the phase space density
distribution (in fact, the velocity distribution) f for a region
of the Galaxy where the stream is located.
3.1 Spatial densities and velocity distributions of
Galactic components
To calculate the orbits of progenitor GCs we used galpy
python package developed by Bovy (2015) with MWPoten-
tial2014. To calculate the dynamical friction effect from
Eq. (1) we need density and velocity distributions of corre-
sponding individual components. Although the components
in MWPotential2014 included a bulge, a Miyamoto-Nagai
disc and a NFW dark halo, the first two components do not
contribute in outer regions of the MW, where the dynam-
ical friction effects are calculated. However, a stellar halo
may contribute to the dynamical friction. Thus, we added a
stellar halo from a model by Juric´ et al. (2008).
We also need to know the velocity distribution func-
tion at the orbital points of GCs. Dynamical friction results
from the stars of stellar halo and from the DM particles.
For the stellar halo all three velocity dispersion components
were taken from Bird et al. (2019). Unfortunately, this kind
of data is not available for the DM halo. To derive velocity
MNRAS 000, 1–8 (2019)
4 Kipper, Tenjes, Hu¨tsi, Tuvikene, Tempel
time (Gyr)
F 
(km
/s/
Gy
r)
0 2 4 6 8
10
−
6
10
−
5
10
−
4
10
−
3
10
−
2
10
−
1
Disc Halo Dark matter
Figure 2. Contribution of different galaxy components to the
overall dynamical friction for a GC NGC 5024. The mean contri-
bution from stellar components (green and red lines) are about an
order of magnitude smaller than from the dark matter component
(blue line). Horizontal dashed lines show average contribution of
the corresponding component.
dispersions for the DM halo we solved Jeans equations. Two
forms for the corresponding velocity ellipsoids were assumed:
(i) an isotropic velocity distribution, and (ii) a distribution
with constant anisotropy. The solutions for the Jeans equa-
tions for these two cases are
σ2r (r) =
1
ρDMrγ
∞∫
r
ρ
dΦ
dx
xγdx, (9)
for constant anisotropy case, where γ = 2 − 2σ2θ,φ/σ2r is an
anisotropy parameter, and
σ2(r) = 1
ρDM(r)
∞∫
r
ρDM(x)dΦdx dx (10)
for the isotropic case. The anisotropy parameter in Eq. (9)
was assumed to be the same as the mean anisotropy of the
stellar halo, σθ,φ/σr = 0.62, taken as the average from the
halo profile of Bird et al. (2019).
A typical GC orbit is mostly located in the outer regions
of the galaxy, where the DM halo dominates the density
distribution. The contributions of stellar disc and stellar halo
to the dynamical friction are rather small. We tested this
by selecting their average velocity distribution parameters
according to Bland-Hawthorn & Gerhard (2016). The result
is presented in Fig. 2 for a typical GC with mean distance of
r = 35 kpc from the Galactic centre. The stellar halo and disc
provide about an order of magnitude smaller contribution
integrated over time than the DM. Hence, in subsequent
dynamical friction calculations we ignore the contributions
of both stellar components.
3.2 Globular clusters in the Milky Way
GCs analysed in this paper and their parameters were taken
from a compilation by Baumgardt et al. (2018).2 For each
GC we calculated their orbits and shift ∆x.
The Coulomb logarithm in Eq. (1) determines the re-
gion along the GC path that is contributing to the dynamical
friction. We used the value lnΛ = 5.8 by assuming a max-
imum impact parameter of 1 kpc, and a minimum impact
parameter 3 pc corresponding to the typical half-light radius
of GCs.
4 RESULTS
We calculated the effect of dynamical friction for the GCs in
Baumgardt et al. (2018) selection. In Section 4.1 we describe
the effect of dynamical friction in detail by using one GC as
an example. In Section 4.2 we present the results for all GCs
and in Section 4.3 we discuss some GCs in more detail.
4.1 Dynamical friction effect for a typical GC
We selected a well observed GC NGC 3201 as an example for
which we present possible stellar stream asymmetry sources
in detail. Fig. 3 shows the calculated decelerations, resulting
velocity and position shifts along the original GC orbit over
the last 8 Gyr. Both the total deceleration (black lines) and
the contribution from individual deceleration components
(green for radial component, red and blue for tangential
ones) are given. Periodicity seen in deceleration values corre-
sponds to different locations of the GC in the Galaxy. Dur-
ing the pericentre passages, the deceleration has prominent
peaks due to increased DM densities. During the apocentre
passages, there are secondary peaks caused by the slower
motion of the GC (or even nearly standing still along the
radial direction). This effect results from the integral part of
Eq. (1). It means also that the radial acceleration contribu-
tion to the dynamical friction (projected to the GC orbit) is
zero during the apocentric passages.
It is also seen that acceleration directions (positive or
negative) and shift values along the orbit are different for
different acceleration vector components. This is caused by
the donkey effect (see Section 2.3). Depending on the nature
of GC orbit (radial or circular orbits), the shifts can be pos-
itive or negative with respect to the orbital motion since the
orbit determines how strongly the donkey effect affects the
shift. Hence, it depends on the nature of a GC orbit whether
the leading or the trailing arm of a stellar stream is longer.
For NGC 3201, the trailing arm is longer than the leading
arm. Fig. 3 shows that θ-component (red line) accelerations
are very small and thus have nearly negligible contribution
to the coordinate and velocity shifts. This is not surprising
since NGC 3201 orbit is quite close to the Galactic plane and
oscillates slowly in vertical direction (see the bottom right
panel on Fig. 3).
An additional point of interest is that the cumulative
effect of the dynamical friction (shift ∆x along the orbit)
2 Data available from web page https://people.smp.uq.edu.au/
HolgerBaumgardt/globular/
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Figure 3. Evolution of calculated acceleration values (top left), velocity shift components (top right, see Eq. (3)) and position shift
along the orbit (bottom left, see Eq. (2)) for a sample GC NGC 3201. Colour coding for these three panels is the same. Bottom right
panel shows the shape of the orbit (radius and height from the Galactic plane). Calculations were made assuming an isotropic velocity
distribution. GC orbit is calculated over 8 Gyr assuming that MW potential does not change during this time.
depends quite strongly on time. Hence, the asymmetry be-
tween leading and trailing arms is strongest for stars that
are evaporated during earlier times in cluster’s dynamical
evolution. Due to mass segregation, stars evaporated earlier
tend to be less massive and are, unfortunately, relatively
faint and are difficult to observe.
4.2 Dynamical friction effect for the total sample
of GCs
The effect of dynamical friction (shifts along the orbit) as
a function of GC pericentre distance is presented in Fig. 4.
The shifts are calculated for a 5Gyr time span for all GCs
from Baumgardt catalogue (Baumgardt et al. 2018) with
known phase space coordinates. The Figure shows that cal-
culations assuming isotropic or anisotropic velocity distri-
bution give similar results. Shifts calculated by assuming a
constant anisotropy fixed to stellar halo value are smaller
when compared to the isotropic case. GCs with small peri-
centric distances might be influenced by the MW bar. Hence,
at present (when the bar effects cannot be modelled reliably)
the shift estimates for these GCs are not reliable.
Labelled GCs at the upper right part of Fig. 4 are the
best candidates to detect the dynamical friction effect from
dark matter halo. These GCs are in orbits with large peri-
centre values and the effect of dynamical friction for these
GCs is the largest. In the next subsection we will discuss
some of these GCs in more detail. Large shift is not the only
criterion for observational detection of dynamical friction ef-
fects, because GC location at a low Galactic latitude or at a
large distance from us makes observing streams challenging.
Another subset of GCs in Fig. 4 is marked with green
symbols and they denote the GCs that have shifts which
translate to largest angular distance in the sky. These GCs
are mostly located close to the Sun. Although from observa-
tional aspect their stream asymmetries are easier to detect
than ones having large shift, their position is too close to the
bar and possible asymmetry detection does not allow us to
conclude that the dominant cause of the shifts is dynamical
friction.
The 5Gyr shifts along the orbit for all analysed GCs are
listed in Table A1. There we also present angular shifts, i.e.
shifts projected from orbital arc to the sky plane. The angu-
lar distance estimate includes the projection of orbital arc
perpendicular to line of sight, but does not include orbital
velocity inhomogenities.
MNRAS 000, 1–8 (2019)
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Figure 4. Calculated dynamical friction shift along the orbit for all GCs with known phase space coordinates. To characterize the
strength of influence of the Galactic bar on the stream asymmetry, the x-axis shows the pericentric distance to the GC orbit. The
calculations assume isotropic velocity distribution for left panel, and anisotropic one for right panel. Some of the most interesting GCs
are indicated with labels.
4.3 Specific GCs
In this Section we discuss GCs that are most promising for
pure dynamical friction analysis. We included only GCs for
which we found relevant references in literature.
4.3.1 NGC 3201
Based on 13 RR Lyra stars compiled by Kundu et al. (2019)
there is a shift between the GC and GC stream centre to be
18 ± 23 pc (this error includes only statistical one, and does
not include any of the selectional sources). Our dynamical
friction model estimate (see Fig. 3) is 25 . . . 43 pc (for 5 Gyr),
which is in good accordance with the measured value. In
principle, the observed value is within the errors consistent
also with no shift.
4.3.2 Palomar 5
GC Palomar 5 has long and prominent leading and trailing
streams. Palomar 5 might be in resonance with the MW bar
(Pearson et al. 2017), thus unfortunately not eligible for the
friction-only analysis. In addition, Palomar 5 has too small
mass for a noticeable dynamical friction effect from dark
matter halo.
4.3.3 NGC 5824, NGC 5024, NGC 5694, NGC 2419,
NGC 3201, NGC 6101
GCs NGC 5824, NGC 5024, NGC 5694, NGC 2419,
NGC 201 and NGC 6101 have strong potential to exhibit
detectable effects from pure dark matter dynamical friction.
We searched for stellar streams in the neighbourhoods of
these GCs, using data from the Gaia DR2 catalogue (Gaia
Collaboration et al. 2016, 2018). The search process in the
case of NGC 5824 is illustrated in Fig. 5. First, we selected
stars that had proper motions similar to the respective GC.
Next, we plotted the colour-magnitude (GBP − GRP vs G)
diagram (CMD) for each GC, and narrowed the star selec-
tion in the GC neighbourhood with stars that followed the
GC isochrone on CMD. The resulting selections were visu-
ally inspected. No streams were apparent around the above-
mentioned GCs.
5 DISCUSSION AND CONCLUSIONS
5.1 Observational aspects
We estimated how much the effect of dynamical friction in-
fluences the asymmetry of GC stellar streams. The constant
lagging of a GC behind on its orbit when compared with
the stream stars produces a shift of the GC with respect to
the previously evaporated stars and thus an asymmetry be-
tween the leading and trailing parts of the stream. Thus, the
distribution of recently evaporated stars is preferably more
lopsided compared to the earlier evaporated stars. From the
observational perspective, it is seen as an asymmetry in sur-
face density distributions between the two branches of the
stellar stream.
We calculated shifts (∆x) of the progenitor GC and its
evaporated stream stars with respect to the initial position
of the progenitor GC or the centre of the symmetry of the
oldest parts of the stream. In most cases, either calculated
MNRAS 000, 1–8 (2019)
Dynamical friction of globular clusters 7
-10
-5
0
5
-10 -5 0 5
a
µ δ
 
(m
as
/yr
)
µα cosδ (mas/yr)
14
15
16
17
18
19
20
21
0.0 0.5 1.0 1.5 2.0
b
G 
(m
ag
)
GBP-GRP (mag)
-35
-34
-33
-32
-31
224225226227228
c
De
c (
de
g)
RA (deg)
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shifts are too small to be detected within current observa-
tional data, or pericentres of GC orbits are too near the MW
central bar, which can be another source of asymmetry in
observed stellar streams. Although there are numerous hin-
drances, it should still be possible to study the dark matter
by taking these effects into account and provided deep pho-
tometric observations of the stream. The diversity of the dis-
tances, evaporation histories and densities of the streams do
not allow us to deduce a certain brightness limit for needed
observations.
On the other hand, calculated shifts, depending on the
GC orbit and evaporation process details, may be quite large
compared to the width of the stream. In case of short stellar
streams (recently evaporated stars) the shift ∆x is more eas-
ily measurable. In principle, there exists a possibility that
for some GC there might be even only one stream arm, if
the radial derivative of the angular velocity in the orbit
is small and dynamical friction is large. In a similar case,
when the GC has moved backwards and inward with re-
spect to one arm of the stream and still evaporates stars, it
might be possible to have two parallel streams. As an ex-
ample, a short double stream structure near GD-1 has been
found by (Malhan et al. 2018) (not the longer one found by
Grillmair & Dionatos (2006)), but another possible explana-
tion of this double structure is simply a massive perturber
(Price-Whelan & Bonaca 2018; Bonaca et al. 2018).
Dynamical friction and resulting inward migration of a
GC orbit is an aspect which should be taken into account
also when streams are used to constrain overall properties
of the gravitational potential of a parent galaxy. This is es-
pecially important when a GC and corresponding stream
is moving in an elongated high energy orbit which allows to
probe the friction it had near the apocentre i.e. further away
than the current position.
In the present paper we assumed a simple virialized
halo. A first order estimate how much results can vary when
loosening this assumption can be seen by comparing panels
of Fig. 4. Incorporating of more complicated haloes to our
model (e.g. by using the halo from Helmi et al. (2018)) can
be done by including halo substructures to the phase space
function f and include their orbital evolution.
5.2 DM implications
Assuming that with future detailed measurements of GCs it
is feasible to determine the strength of dynamical friction in
several locations over the Galactic halo, one would certainly
hope to learn valuable information about the properties of
DM – the dominant form of material filling the halo.
On the one hand, the assumption used for deriving
Eq. (1) is that an elementary unit of DM is much lighter
than the mass of the target object moving in that medium,
and thus, it does not important if the medium consists of
particle DM (e.g. axions, WIMPs, etc) or even of primordial
black holes with masses up to and exceeding the Solar mass-
scale – the instantaneous dynamical friction is determined
simply by the density of the medium. On the other hand,
the realistic density and velocity-space structure of the DM
halo – DM streams, subhaloes, etc – is far from uniform and
depends crucially on (i) halo assembly history (i.e. on par-
ticular small-scale realization of initial fluctuations) and (ii)
on DM microphysics (e.g. warm DM (WDM), fuzzy DM,
self-interacting DM – popular alternatives to the standard
cold DM (CDM)). For example, in the standard CDM sce-
nario one expects O(10)% of the DM halo to be in the form
of substructures (e.g. Gao et al. 2004), while for the cases
of WDM and fuzzy DM the amount of small-scale substruc-
tures is significantly reduced (e.g. Schneider et al. 2012; Du
et al. 2017).
In order to have a measurable orbital lag of the GC with
respect to the ejected stars one has to use long enough sec-
tions of the tidal tails, and thus effectively probe the density
of the DM medium averaged over the corresponding section
of the cluster’s orbit. In cases with large amount of substruc-
tures the chances of passing through denser DM clumps is
enhanced, leading to a boost in dynamical friction, and thus,
in principle giving us sensitivity to differentiate between al-
ternative DM models. Of course, this can be done only sta-
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tistically once one has several detailed GC measurements
available over the MW’s DM halo.
The power to discriminate between various DM models
is further complicated by the fact that a substantial fraction
of GCs in Galactic halo, in particular the metal-poor blue
population, is not expected to be formed in situ, rather be-
ing accreted as member systems of the MW’s satellite galax-
ies (e.g. Searle & Zinn 1978; Renaud et al. 2017). Thus, one
would expect the orbits of these GCs for quite some time
to be correlated with the tidal DM debris left over from
the disruption of their parent haloes, this way enhancing
the level of dynamical friction. Also, more recently accreted
GCs are expected to have significant velocities with respect
to the DM halo, such that the effective velocity distribution
function entering in dynamical friction calculations can be
significantly anisotropic in GC’s frame of reference.
The main goal of this paper was to estimate the size
of the GC displacement due to dynamical friction and to
further provide initial investigation under what conditions
can the effect be realistically measurable. A more detailed
investigation regarding the possibility to distinguish between
the alternative DM models is beyond the scope of this paper
and is left for the future study.
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Table A1. The estimation of shift along the orbit (∆x) produced by dynamical friction from only dark matter over the 5 Gyr time span.
Angular shift (∆φ) shows the angular distance between the GC and stream centre along the orbit as viewed from the Sun. D denotes the
distance of the GC from the Sun. l and b denote the Galactic longitude and latitude of the GC. The calculations are made by assuming
either isotropic or constant anisotropic dark matter particle velocity dispersion tensor with the anisotropy value adopted from stellar
halo.
GC l b D ∆x (isotropic) ∆φ (isotropic) ∆x ∆φ Pericentre
deg deg kpc pc deg pc deg kpc
NGC 6522 1.02 -3.92 8.0 3352 22.73 85 0.61 0.2
NGC 6440 7.73 3.80 8.2 3331 21.47 467 3.16 0.2
Ter 1 357.56 0.99 6.7 2023 13.52 297 2.04 0.4
NGC 104 305.89 -44.89 4.4 1238 8.53 1114 7.71 6.2
NGC 6380 350.18 -3.42 9.8 1611 8.31 376 1.96 0.3
NGC 6626 7.80 -5.58 5.4 827 7.51 199 1.82 0.6
NGC 5139 309.10 14.97 5.2 766 7.48 658 6.44 1.4
NGC 6273 356.87 9.38 8.3 1186 7.22 293 1.80 0.3
NGC 6401 3.45 3.98 7.7 941 6.72 221 1.59 0.5
NGC 6266 353.57 7.32 6.4 919 6.48 523 3.71 1.3
NGC 6544 5.84 -2.20 2.6 293 6.43 140 3.08 0.5
Pal 6 2.09 1.78 5.8 801 4.68 281 1.65 0.2
NGC 6752 336.49 -25.63 4.2 427 4.63 351 3.81 3.6
NGC 6093 352.67 19.46 8.9 663 4.25 168 1.08 0.1
NGC 6656 9.89 -7.55 3.2 242 4.04 298 4.98 2.8
NGC 6712 25.35 -4.32 7.0 481 3.96 204 1.68 0.2
NGC 6453 355.72 -3.87 11.6 923 3.89 320 1.35 0.4
NGC 6121 350.97 15.97 2.0 179 3.56 89 1.77 0.5
NGC 6441 353.53 -5.01 11.8 700 3.39 95 0.46 1.0
NGC 6402 21.32 14.80 9.3 586 2.64 10 0.04 0.7
NGC 4833 303.60 -8.02 6.2 286 2.62 151 1.38 0.5
NGC 5986 337.02 13.27 10.6 481 2.54 149 0.79 0.4
NGC 6388 345.56 -6.74 10.7 442 2.25 571 2.90 1.4
NGC 6569 0.48 -6.68 10.6 422 2.23 277 1.46 2.1
NGC 6638 7.90 -7.15 10.3 619 2.04 174 0.57 0.4
NGC 6205 59.01 40.91 6.8 397 2.03 150 0.77 0.6
NGC 6517 19.23 6.76 10.6 619 2.02 193 0.63 0.7
NGC 5272 42.22 78.71 9.6 393 2.01 386 1.97 7.7
NGC 6355 359.58 5.43 8.7 413 1.99 102 0.49 0.4
NGC 6304 355.83 5.38 5.8 218 1.84 154 1.30 1.9
NGC 2808 282.19 -11.25 10.2 543 1.69 347 1.08 0.8
NGC 6553 5.25 -3.03 6.8 198 1.66 198 1.66 1.4
NGC 6341 68.34 34.86 8.4 345 1.63 190 0.90 0.2
NGC 6293 357.62 7.83 9.2 332 1.62 17 0.08 0.5
NGC 5946 327.58 4.19 10.6 272 1.46 126 0.68 0.3
Ter 5 3.84 1.69 5.5 151 1.45 73 0.70 1.1
NGC 6218 15.71 26.31 4.7 120 1.44 100 1.20 2.4
NGC 6642 9.81 -6.44 8.1 198 1.40 40 0.28 0.1
NGC 7078 65.01 -27.31 10.2 445 1.39 472 1.47 4.0
NGC 362 301.53 -46.25 9.2 244 1.37 132 0.74 0.3
NGC 6256 347.79 3.31 6.4 200 1.34 127 0.85 2.3
NGC 6284 358.35 9.94 15.1 366 1.32 173 0.63 0.8
NGC 6539 20.80 6.78 7.8 233 1.29 186 1.03 1.4
NGC 6397 338.17 -11.96 2.4 58 1.26 70 1.53 2.1
NGC 6325 0.97 8.00 7.8 171 1.23 25 0.18 0.4
NGC 7089 53.37 -35.77 10.5 301 1.20 154 0.61 0.6
NGC 6541 349.29 -11.19 8.0 261 1.20 222 1.02 1.6
Ter 2 356.32 2.30 7.5 348 1.09 35 0.11 0.3
Ter 4 356.02 1.31 6.7 128 1.02 5 0.04 0.6
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Table A2. Continuation of Table A1
GC l b D ∆x (isotropic) ∆φ (isotropic) ∆x ∆φ Pericentre
deg deg kpc pc deg pc deg kpc
NGC 5286 311.61 10.57 11.4 224 0.96 125 0.54 0.9
NGC 4372 300.99 -9.88 5.8 236 0.95 239 0.96 2.9
NGC 6356 6.72 10.22 15.1 265 0.87 313 1.03 2.4
NGC 6779 62.66 8.34 9.7 162 0.84 106 0.55 0.5
NGC 6624 2.79 -7.91 7.2 118 0.77 2 0.01 0.4
Ter 10 4.42 -1.87 5.8 79 0.76 9 0.09 0.8
NGC 6540 3.29 -3.31 5.2 68 0.75 47 0.52 1.8
NGC 6254 15.14 23.08 5.0 189 0.75 178 0.70 1.9
NGC 5897 342.95 30.29 12.6 170 0.74 173 0.75 3.1
NGC 6681 2.85 -12.51 9.3 204 0.69 61 0.21 0.0
NGC 5904 3.86 46.80 7.6 91 0.67 124 0.91 5.4
NGC 6139 342.37 6.94 9.8 117 0.66 52 0.29 1.1
NGC 6352 341.42 -7.17 5.9 119 0.58 90 0.43 3.1
FSR 1735 339.19 -1.85 9.8 128 0.57 49 0.22 0.6
IC 1276 21.83 5.67 5.4 141 0.56 126 0.50 3.5
UKS 1 5.12 0.76 7.8 104 0.56 37 0.20 0.6
NGC 6652 1.53 -11.38 10.0 108 0.55 15 0.08 0.3
NGC 6838 56.75 -4.56 4.0 89 0.50 79 0.45 5.2
NGC 6528 1.14 -4.17 7.5 302 0.49 60 0.10 0.5
NGC 6366 18.41 16.04 3.7 31 0.48 38 0.59 1.9
NGC 6760 36.11 -3.92 8.0 178 0.47 214 0.56 2.1
NGC 5024 332.96 79.76 17.9 158 0.46 163 0.48 14.6
NGC 6723 0.07 -17.30 8.3 73 0.46 99 0.62 1.1
NGC 6558 0.20 -6.02 7.2 113 0.43 24 0.09 0.4
Pal 8 14.11 -6.80 12.8 95 0.41 92 0.40 2.2
Djor 2 2.76 -2.51 6.3 54 0.41 1 0.00 1.0
NGC 6362 325.56 -17.57 7.4 136 0.41 123 0.37 2.2
NGC 5927 326.60 4.86 8.2 463 0.40 392 0.34 4.2
NGC 6171 3.37 23.01 6.0 42 0.39 51 0.48 1.1
NGC 1851 244.51 -35.04 11.3 194 0.39 145 0.29 0.1
2MASS-GC02 0 9.78 -0.62 7.1 96 0.38 26 0.10 0.5
NGC 6287 0.13 11.02 9.4 134 0.37 45 0.13 0.3
NGC 5824 332.56 22.07 31.8 238 0.35 271 0.40 10.0
NGC 6333 5.54 10.71 8.4 194 0.35 55 0.10 0.8
FSR 1716 329.78 -1.59 7.5 65 0.35 57 0.31 2.3
Pal 10 52.44 2.73 5.9 87 0.35 78 0.31 4.2
NGC 1904 227.23 -29.35 13.3 114 0.35 89 0.27 0.2
Ter 9 3.60 -1.99 7.1 63 0.34 6 0.03 0.2
BH 261 3.36 -5.27 6.5 39 0.34 26 0.23 1.5
Lynga 7 328.77 -2.80 8.0 61 0.33 73 0.39 1.7
Ter 3 345.08 9.19 8.1 77 0.32 56 0.24 2.0
NGC 6637 1.72 -10.27 8.8 56 0.32 30 0.17 0.7
NGC 3201 277.23 8.64 4.5 37 0.32 46 0.39 7.8
Pal 11 31.80 -15.58 14.3 87 0.32 81 0.29 5.6
NGC 6144 351.93 15.70 8.9 75 0.27 58 0.21 1.9
NGC 288 151.28 -89.38 10.0 51 0.25 67 0.33 3.7
Ton 2 350.80 -3.42 6.4 34 0.21 27 0.16 1.9
NGC 1261 270.54 -52.12 15.5 88 0.21 101 0.25 5.7
NGC 7099 27.18 -46.84 8.0 46 0.19 75 0.31 1.6
NGC 6342 4.90 9.72 8.4 37 0.11 31 0.09 0.9
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Table A3. Continuation of Table A1
GC l b D ∆x (isotropic) ∆φ (isotropic) ∆x ∆φ Pericentre
deg deg kpc pc deg pc deg kpc
NGC 6496 348.03 -10.01 11.3 26 0.11 31 0.13 3.9
NGC 6235 358.92 13.52 13.5 27 0.11 38 0.15 4.9
NGC 6864 20.30 -25.75 21.6 82 0.10 139 0.17 3.4
NGC 5053 335.70 78.95 17.2 30 0.10 31 0.10 12.7
NGC 6717 12.88 -10.90 7.1 21 0.09 14 0.06 1.3
NGC 6316 357.18 5.76 11.6 21 0.09 132 0.53 1.2
NGC 6749 36.19 -2.21 7.8 26 0.08 45 0.14 1.7
NGC 6981 35.16 -32.68 17.0 47 0.08 51 0.09 5.5
NGC 2298 245.63 -16.01 10.8 19 0.08 10 0.04 1.3
NGC 6584 342.14 -16.41 13.2 20 0.07 60 0.21 2.2
NGC 6229 73.64 40.31 30.6 89 0.06 70 0.05 0.7
ESO 452-SC11 351.91 12.10 6.5 7 0.06 1 0.01 0.5
NGC 6809 8.79 -23.27 5.3 38 0.06 43 0.06 1.1
NGC 5634 342.21 49.26 27.2 39 0.05 58 0.08 5.1
NGC 6101 317.75 -15.82 16.1 17 0.05 21 0.06 11.7
NGC 6535 27.18 10.44 6.5 6 0.04 1 0.00 1.0
NGC 4590 299.63 36.05 10.1 9 0.03 13 0.05 9.1
Ter 12 8.36 -2.10 3.4 2 0.02 2 0.02 3.1
NGC 5466 42.15 73.59 16.9 8 0.02 10 0.03 12.9
NGC 5694 331.06 30.36 37.3 40 0.02 49 0.03 13.9
Pal 5 0.85 45.86 23.2 8 0.02 8 0.02 16.3
ESO 280-SC06 346.90 -12.57 22.9 9 0.02 3 0.01 1.7
Pal 2 170.53 -9.07 27.2 34 0.02 25 0.01 2.2
NGC 6934 52.10 -18.89 15.4 5 0.02 2 0.01 4.7
NGC 7492 53.39 -63.48 26.6 11 0.01 12 0.02 10.1
NGC 4147 252.85 77.19 18.2 15 0.01 11 0.01 0.3
IC 1257 16.53 15.14 25.0 9 0.01 1 0.00 2.3
E 3 292.27 -19.02 8.1 2 0.01 2 0.01 8.7
IC 4499 307.35 -20.47 18.2 3 0.01 11 0.03 5.0
NGC 2419 180.37 25.24 83.2 7 0.00 21 0.01 10.3
Pal 1 130.06 19.03 11.0 1 0.00 1 0.00 15.4
Ter 7 3.39 -20.07 22.8 1 0.00 0 0.00 3.8
Djor 1 356.68 -2.48 13.7 1 0.00 1 0.00 5.6
Rup 106 300.89 11.67 21.2 1 0.00 0 0.00 4.6
Ter 8 5.76 -24.56 26.7 0 0.00 2 0.00 6.5
Pyxis 0 261.32 7.00 39.4 0 0.00 0 0.00 5.0
Pal 15 18.85 24.34 45.1 2 0.00 1 0.00 3.8
Pal 12 30.51 -47.68 19.0 0 0.00 0 0.00 14.5
NGC 7006 63.77 -19.41 42.8 1 0.00 5 0.00 7.4
Pal 3 240.14 41.87 92.5 0 0.00 0 0.00 58.7
Whiting 1 161.62 -60.64 31.3 0 0.00 0 0.00 29.6
Arp 2 8.54 -20.79 28.6 0 0.00 1 0.00 6.2
Eridanus 0 218.11 -41.33 90.1 0 0.00 0 0.00 56.1
AM 1 258.36 -48.47 123.3 0 0.00 0 0.00 102.3
Pal 13 87.10 -42.70 24.8 0 0.00 0 0.00 10.9
Crater 0 274.81 47.85 145.0 0 0.00 0 0.00 90.4
NGC 6426 28.09 16.23 35.3 0 0.00 0 0.00 28.8
AM 4 320.28 33.51 32.2 0 0.00 0 0.00 12.3
Pal 14 28.75 42.19 71.0 0 0.00 0 0.00 10.3
Pal 4 202.31 71.80 103.0 0 0.00 0 0.00 10.2
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